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Abstract
Among different cereals, oat is becoming more popular due to its unique composition and health benefits. The increase in oat
production is associated with an increase in related side streams, comprising unutilized biomass that is rich in valuable compo-
nents, such as polysaccharides, proteins, and antioxidants. To valorize such biomass, it is fundamental that side streams enter
back into the food production chain, in respect of the circular economy model. Here, we propose the use of soluble and insoluble
oat-production side-stream in suspensions and emulsions, avoiding any further extraction, fractionation, and/or chemical deriv-
atization. Our approach further increases the value of these side streams. To this aim, we first studied the effect of thermal and
mechanical processes on the behavior and properties of both soluble and insoluble oat side-stream fractions in water and at air/
water interface. Then, we characterized the emulsifying and stabilizing abilities of these materials in oil-in-water emulsions.
Interestingly, we found that the insoluble fraction was able to form stable suspensions and emulsions after mechanical treatment.
The oil droplets in the emulsions were stabilized by anchoring at the surface of the insoluble particles. On the other hand, the
soluble fraction formed only stable viscous solutions. Finally, we demonstrated that the two fractions can be combined to increase
the storage stability of the resulting emulsion.
Our results highlight that oat production side streams can be used as novel bio-based emulsifiers, showing the great potential
behind the underutilized cereal-side-stream biomass.
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Introduction
The cereal industry is the leading primary accounting for
around 60% of the total world food production (Anal 2017).
Oat (Avena sativa L.) has recently attracted the attention of
both consumers and the scientific community due to its unique
composition, including many nutrients required for maintain-
ing health and reducing the risk of degenerative disease inci-
dence (Gangopadhyay et al. 2015; Stewart and McDougall
2014). Oat production ranks sixth in the world cereal produc-
tion statistics, following wheat, maize, rice, barley, and sor-
ghum. Furthermore, contrary to other crops, oat can also be
cultivated in harsh climate conditions such as those present in
Northern Europe and Canada (Ahmad et al. 2014).
Due to the large production volumes, the cereal industry
generates an important source of side streams such as husks,
hulls, and bran (Anal 2017). Bran is the main by-product
obtained from cereal milling, with, e.g., 90 million tons of
wheat bran produced annually worldwide (Onipe et al.
2015). The side streams are commonly used for feed,
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fertilization, and energy production through, e.g., gasification
and pyrolysis (Arvanitoyannis and Tserkezou 2008).
However, they also provide a large quantity of unutilized bio-
mass rich in valuable components, such as polysaccharides,
proteins, and antioxidants (Helkar et al. 2016; Luithui et al.
2019). Bran is rich in arabinoxylan, polyphenols, phytos-
terols, and β-glucan. β-glucan is an indigestible unbranched
polysaccharide consisting of β-D-glucose units linked
t h r o u gh ( 1→4 ) a nd ( 1→3 ) g l y c o s i d i c b o nd s
(Charalampopoulos et al. 2002; Papageorgiou et al. 2005). It
is mainly found in endosperm cell walls and in the internal
aleurone (Charalampopoulos et al. 2002). Oat and barley have
the highest concentration of β-glucan in bran, ranging be-
tween 6.5 and 9.1% (Bhatty 1993; Luhaloo et al. 1998).
Arabinoxylans are indigestible polysaccharides composed of
a β-(1→4) xylopyranosyl backbone branched with α-
arabinofuranosyl units at their O-2 and/or O-3 positions (Lv
et al. 2019). In wheat and rye, arabinoxylans can make up to
22–30% of the bran (Kamal-Eldin et al. 2009; Maes and
Delcour 2002), while oat bran contains around 2–5%
arabinoxylan (Luhaloo et al . 1998). In addit ion,
hydroxycinnamic acids, such as ferulic acid, are bound to
the arabinosyl residue in arabinoxylans via an ester bond
(Lv et al. 2019). Bran also contains vitamins, proteins, min-
erals, phytic acid, and saponins (Onipe et al. 2015; Ralla et al.
2018; Stevenson et al. 2012).
The cereal side-streams can be used for the development of
bio-based materials and ingredients for functional foods
(Sharma et al. 2016). For instance, cellulose nanofibers as
reinforcing agents in packaging bio-composite materials have
been successfully obtained from wheat straws, soy hulls, and
rice husks (Fritsch et al. 2017). Bioplastics obtained from
precursors extracted from cereal side-streams have been de-
veloped (Isikgor and Becer 2015), and cereal bran has been
identified as a potential ingredient to obtain functional foods
(Patel 2015). Many of the cereal phytochemicals have shown
anti-inflammatory and anti-microbial effects, blood cholester-
ol, and glycemic response lowering ability, and intestinal
health improvement effect (Izydorczyk et al. 2014; Luithui
et al. 2019; Saeed et al. 2014). Due to its composition, bran
fromwheat and rye has been used as starting material to obtain
additives and concentrates for functional food production such
as carbohydrate-protein concentrate, dietary fiber, polyphe-
nols, and prebiotic xylo-oligosaccharides (Kapreliants and
Zhurlova 2017). Oat bran components such as β-glucan have
been proved to reduce lipid digestibility in model emulsion
systems which can be used tomodulate digestion in functional
foods (Grundy et al. 2018). Moreover, the antioxidant fraction
of wheat and oat bran can also be increased using solid-state
yeast fermentation leading to an enriched bran useful for func-
tional food production (Călinoiu et al. 2019). In addition, as a
heterogeneous material, bran has been used for extracting bio-
based emulsifiers. For instance, rice bran proteins and partially
hydrolyzed rice bran proteins have been successfully
employed to stabilize oil-in-water emulsions (Sun et al.
2019; Zang et al. 2019). Oat bran extract has also been iden-
tified as a novel source of emulsifiers, such as saponins that
are naturally occurring small molecular weight surfactants
(Ralla et al. 2018). This peculiar composition makes oat trans-
formation by-products a potential target for obtaining new
bio-emulsifiers.
Proteins and saponins are known to have emulsifying abil-
ity due to their chemical composition and molecular geome-
try. Less is known regarding the emulsifying abilities of the
other fractions present in cereal side-streams, such as hemicel-
luloses and polyphenols (β-glucan, arabinoxylan, lignin, etc.).
Lv et al. (2019) covalently crosslinked wheat-bran
arabinoxylan with whey-protein isolate using Maillard reac-
tion, obtaining emulsifiers with good stabilization ability.
However, the emulsifying capacity of native hemicelluloses
or hemicellulose-bounded polyphenols present in cereal by-
products has not yet been exploited. Our group recently dem-
onstrated that softwood and hardwood extracts from sawdust
can be employed for oil-in-water emulsion formation, stabili-
zation, and protection against oxidation (Bhattarai et al. 2019;
Lahtinen et al. 2019; Lehtonen et al. 2016, 2018; Mikkonen
et al. 2016a). The extracts are a complex mixture containing
hemicel luloses such as galactoglucomannans or
glucuronoxylans (depending on the source), free and
hemicellulose-bound phenolics, and residual lignin
(Lahtinen et al. 2019; Lehtonen et al. 2018). Lignin and phe-
nolic residues attached to hemicelluloses have been identified
as being responsible for the emulsifying properties of the ex-
tracts (Lahtinen et al. 2019; Valoppi et al. 2019a). Due to the
similarity in chemical species present in cereal bran and wood,
we expect that by-products from the cereal-transformation in-
dustry can be employed as bio-based emulsifiers.
In this work, we studied the functional properties of side
streams from oat transformation to form and stabilize oil-
in-water emulsions. The heterogeneous starting material
conta ined hemicel lu loses such as β -g lucan and
arabinoxylans, phenolic compounds, and proteins that can
be used to stabilize the oil/water interface and form emul-
sions. As such, we considered soluble and insoluble frac-
tions extracted from oat production by-products. After
characterizing the starting materials, we studied the effect
of processing conditions such as temperature, time, and
shear forces, on the behavior and properties in water and
at air/water interface of the different fractions. Finally, we
studied the emulsifying ability of sole and blended frac-
tions, and we determined the stability of the resulting oil-
in-water emulsions. The results highlighted that oat-
transformation side-streams can be used as novel bio-
based emulsifiers with no further fractionation and/or
chemical derivatization, showing the great potential behind
the underutilized hemicellulose-rich cereal side-streams.
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Materials and Methods
Materials
The soluble (SOF) and insoluble (IOF) fractions obtained
from oat transformation production were kindly donated by
Lantmännen (Stockholm, Sweden) that also provided the
chemical composition of the samples (Table 1). The starting
material for producing IOF and SOF was a milled, air classi-
fied ethanol extracted dehulled oat kernel. The fraction used
had a β-glucan content of 28%. IOF is the insoluble residue
after water decanting for β-glucan extraction, and it mainly
contains arabinoxylan, protein, and beta-glucan. IOF accounts
for approximately 50% of the mass of the coarse fraction. SOF
is the β-glucan-rich extract obtained after water extraction,
precipitation with isopropanol, centrifugation, and washing
with acetone, and it contains mainly β-glucan and proteins.
SOF accounts for approximately 20% of the mass of the
coarse fraction. Ethanol A 96.1% (v/v) was from Altia Oyj
(Rajamäki, Finland). Sodium carbonate (Na2CO3) was pur-
chased from Merck KGaA (Darmstadt, Germany), and citric
acid monohydrate (C6H8O7·H2O) was purchased from Fisher
Scientific UK (Leics, UK). Folin-Ciocalteu reagent was pur-
chased from Merck KGaA (Darmstadt, Germany). Sodium
azide (NaN3), sodium nitrate (NaNO3), disodium phosphate
(Na2HPO4), monopotassium phosphate (KH2PO4), and sodi-
um hydroxide (NaOH) were from Sigma Aldrich (Darmstadt,
Germany). Gallic acid was from Extrasyntese (Genay,
France). Rapeseed oil was purchased in a local supermarket.
Calcofluor fluorescent stain was purchased from Megazyme
(Wicklow, Ireland).
Methods
Content of Phenolic Compounds and Phytic Acid
The analysis for the phenolic compounds was performed with
the Folin-Ciocalteu method (Satue et al. 1995). Aliquots of
1% (w/v) IOF and SOF powders were dissolved in Milli-Q
water at 80 °C for 2 h. Then, 150 μL of the sample was mixed
with 750 μL of Folin-Ciocalteu reagent, and 600 μL of 7.5%
(w/v) Na2CO3 was added. After vortexing, the test tubes were
incubated in darkness at room temperature for 30 min. The
absorbance of the sample was measured at 765 nm with a
spectrophotometer (UV-visible spectrophotometer, UV-
1800, Shimadzu, Japan). Water was used as blank. Total phe-
nolic content was expressed as gallic acid equivalents (GAE)
in mg/g of dry sample using a gallic-acid standard calibration
curve.
The phytic acid content of the samples was measured as
phosphorus released by phytase and alkaline phosphatase
using a phytic acid kit from Megazyme.
Moisture Content
Around 100mg of IOF and SOFwas weighed in an aluminum
container and dried in a vacuum oven (Vacucenter VC—20/
50, Renggli AG, Salvis-Lab, Rotkreuz, Switzerland) at 50 °C
for 72 h. Moisture content was calculated as a ratio between
the weight of the water removed and the initial weight of the
sample.
Fourier Transform Infrared Spectroscopy (FTIR)
Dried IOF and SOF (vacuum oven for 24 h at 50 °C) were
analyzed using a Spectrum One Fourier transform infrared
spectrometer (PerkinElmer, Waltham, MA, USA) mounted
with a universal ATR sampling accessory. Spectra were ac-
quired at 25 ± 1 °C using Spectrum v. 10 (PerkinElmer) ap-
plication software. Samples were placed onto the Zn–Se crys-
tal and pressed against the crystal using the ATR arm. Spectra
were collected performing 10 scans for each sample between
4000 and 650 cm-1 with a resolution of 1 cm-1. Background
scan of the clean Zn–Se crystal was acquired prior to sample
scanning.
Preparation of Aqueous Suspension and Emulsion
IOF and SOF (0.2, 0.5, 1.0, or 2.0 g) were first wetted with
ethanol (sample to ethanol ratio of 1:40 w:v) in Erlenmeyer
flasks before dispersion with 100 mL of Milli-Q water or
0.1 M sodium citrate-phosphate buffer at pH 4.5 or 7.0. The
experiment was designed to study the impact of solubilization
temperature and method/intensity of homogenization on the
phase stability of the suspension. As such, the suspensions
Table 1 Chemical composition of insoluble oat fraction (IOF) and sol-
uble oat fraction (SOF)










Note: protein content determined using elemental analysis of total nitro-
gen multiplied by 5.7; β-glucan content determined using AOAC 995.16
method; fat content determined according to Floch et al. (1957);
arabinoxylan and cellulose content determined according to Englyst
et al. (1994); ash content determined using AOAC 923.03 method; starch
and maltodextrin contents determined using AOAC 996.11 method
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were mixed at room temperature or 80 °C for 2 h. Some
samples were homogenized by Ultra-Turrax (T-18 basic,
IKA, Staufen, Germany) at 81620 × (22000 rpm) for 2 min
and/or by microfluidizer 110Y (Microfluidics, Westwood,
MA, USA) at 80 MPa for 4 passes. Selected samples were
homogenized with microfluidizer twice.
The obtained suspensions (with or without homogeniza-
tion) were then used for emulsion preparation. Rapeseed oil
was added to the suspensions at different concentrations
(0.5%, 1.0%, 2.5%, and 5.0% w/w), and the mixtures were
first homogenized by Ultra-Turrax (UT) at 81620 × (22000
rpm) for 2 min to produce coarse emulsion and then homog-
enized with microfluidizer (MF) at 80 MPa for 4 passes to
produce a fine emulsion.
After homogenization, all emulsions were added with
0.02% (w/v) sodium azide to prevent microbial spoilage dur-
ing storage at 20 °C. Three replicates were made for each
sample.
Water Solubility Index (WSI)
The water solubility index (WSI) was determined following
the method from AOAC (1990) (El-Din et al. 2009). To study
the effect of temperature and homogenization on the water
solubility of IOF samples, 1% (w/v) IOF suspensions were
mixed at room temperature for 2 h, heated at 80 °C for 2 h,
homogenized by UT or MF before WSI determination. For
SOF samples, only solubilization at room temperature and 80
°C for 2 h without homogenization was studied on 1% (w/v)
suspension, because homogenization can degrade β-glucan
molecules (Kivelä et al. 2010). After treatments, 30 mL of
each sample was centrifuged with a Hermle Z323 centrifuge
(Hermle Labortechnik GmbH, Wehingen, Germany) at 6000
× (3000 rpm) for 20 min. The supernatant was collected and
dried with a vacuum oven at 50 °C for 24 h. The dried residue
was weighed, and the WSI was calculated as the ratio
(percentage) of the weight of the dried supernatant to the
weight of the dry starting material.
Water Holding Capacity (WHC)
The effect of temperature and homogenization on water hold-
ing capacity (WHC) was studied using the centrifugation
method described by Robertson and Eastwood (1981). After
the treatments, 30 mL of 1% (w/v) IOF samples was centri-
fuged at 3000 rpm for 20 min, after which the excess water
was decanted, and the tubes were inverted and left to drain for
10 min. The fresh weight of the sample was determined, and
theWHCwas calculated as the water retained by fiber divided
by the dry weight of the starting material (g water/g fiber).
Triplicates were performed.
Protein Solubility
Soluble protein content was determined using a Bio-Rad
Protein Assay kit (Bio-Rad, Hercules, CA, USA) following
the manufacturer’s instructions and analyzing the samples at
595 nm with a UV-1800 UV-visible spectrophotometer
(Shimadzu, Kyoto, Japan). A 5-point standard curve was ob-
tained with bovine serum albumin.
Particle Size Measurement
The size distribution of the particles in suspension and oil
droplets in emulsion, as well as the surface-weighted diameter
D[3,2], volume-weighted diameter D[4,3], size distribution
percentiles Dv(10), Dv(50), and Dv(90), and distribution
width parameter SPAN (that is calculated as [Dv(90)–
Dv(10)]/Dv(50)) were measured using a Mastersizer 3000
static light scattering apparatus mounted with a Hydro EV
dispersion accessory (Malvern Instruments Ltd, Malvern,
UK) controlled using the Mastersizer v.3.62 (Malvern
Instruments Ltd.) application software. Before analysis, the
suspensions and emulsions were gently turned upside down
10 times. The suspensions and emulsions were then diluted
with deionized water directly into the dispersion accessory to
avoid multiple scattering effects. The refractive indices of wa-
ter, hemicelluloses, and oil were 1.33, 1.48, and 1.47, respec-
tively. Triplicates were performed.
Morphology
Emulsions were analyzed using an optical microscope
(AxioVision, Carl Zeiss, Microimaging GmbH, Jena,
Germany) connected with an AxioCam MRm digital camera
(Carl Zeiss, Microimaging GmbH, Jena, Germany). One drop
of the upper part of the sample was placed in the middle of a
glass slide, and a glass cover slip was centered above the drop.
The samples were analyzed using a 100× objective. Images
were acquired using AxioVision v.4.7.1.0 (Carl Zeiss, Inc.,
Germany) application software. For unstable emulsions, the
creaming part of the emulsion was taken for observation.
Before imaging, samples were mixed with 10 mg/L
Calcofluor in 100 mM KH2PO4 at pH 10 (freshly prepared
in the darkness) and observed under fluorescence. The excita-
tion wavelength for Calcofluor was 365 nm, while the emis-
sion wavelength was 435 nm.
ζ-Potential
The ζ-potential of IOF and SOF samples after treatments (see
Preparation of Aqueous Suspension and Emulsion paragraph)
was determined using an electrophoretic light scattering in-
strument (Zetasizer Nano ZS series, Malvern Instruments
Ltd, Malvern, UK). Before measurements, samples were
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diluted to 0.5% usingMilli-Q water or buffer to avoid multiple
scattering effects. After loading the samples in the folded cap-
illary cells and inserting into the instrument, they were equil-
ibrated at 25 °C for 2 min. Next, three repeated measurements
obtained from 30 continuous readings on each sample were
recorded. ζ-Potential was calculated applying the
Smoluchowski model on the acquired electrophoretic data
using Dispersion Technology Software v. 5.10 (Malvern
Instruments). Each measurement was repeated three times.
Surface Tension
The surface tension was measuredwith a duNouy tensiometer
(KSV Sigma 70, KSV, Finland) using a platinum ring.
Surface tension was determined at room temperature measur-
ing the maximum pull force of a platinum ring moving the
solution outwards at a speed of 5 mm min-1. The surface
tension was measured on Milli Q water-based or buffer-
based aqueous solutions containing 0.1% (w/w) of IOF and
SOF solubilized at 80 °C for 2 h. As a reference, the surface
tension of the sodium citrate-phosphate buffer and Milli-Q
water was measured. Around 15 mL of each sample was
poured into a cylindrical container and allowed to rest for
20 min before the measurement. Three different measure-
ments for each sample were carried out at 5-min intervals in
order to ensure a sufficiently long stabilization time.
Viscosity
The viscosity value of treated IOF and SOF suspensions, as
well as their blends at different ratios, was measured using a
rheometer (Haake Rheostress 600, Thermo Electron GmbH,
Germany) with a cone and plate geometry (35 mm, 2°). The
measurement was carried out with shear rate ranges from 10
s-1 to 100 s-1 at 20 °C. The viscosity value at a shear rate of 10
s-1 was used for comparison of samples. For unstable IOF
suspension, the supernatant was taken for triplicate viscosity
measurements.
Physical Stability
Suspensions (0.2%, 0.5%, and 1% w/w) and emulsions pre-
pared with IOF and SOF were monitored by Turbiscan Lab
Expert analyzer (Formulaction, Toulouse, France) and record-
ed by taking pictures during the storage for 5 weeks. Around
20 mL of sample was poured into glass transparent vials and
kept at room temperature undisturbed. During measurement,
the vials were vertically scanned from the bottom to the top by
a near-infrared light (λ = 880 nm) source. Detectors simulta-
neously measured the intensity of transmitted and
backscattered light at 180° and 45°, respectively. The
Turbiscan stability index (TSI) was calculated with the
Turbiscan software (v. 1.2) based on the changes in
backscattering values during storage over sample height. An
increase of TSI over time indicates a decrease of sample
stability.
Data Analysis
All determinations were expressed as the mean ± standard
deviation (SD) of at least two measurements from two exper-
imental replicates (n ≥ 2 × 2), if not otherwise specified.
Statistical analysis was performed using R v. 3.5.1 (The R
Foundation for Statistical Computing). Bartlett’s test was used
to check the homogeneity of variance, one-way ANOVA was
carried out, and Tukey’s-test was used as a post hoc test to
determine significant differences among means (p < 0.05).
Correlation analysis expressed by means of Pearson product-
moment coefficient (r), hereafter, called Pearson correlation
coefficient, was performed using Microsoft Excel Office 365
(Microsoft Corporation). The significance of Pearson correla-
tion coefficients (p < 0.05) was tested using the t-test.
Turbiscan suspension stability data were fitted using
TableCurve 2D (Jandel Scientific, ver. 5.01). Non-linear re-
gression analysis was performed using (Eq. 1):
TSI ¼ TSImax  1−e−Kt
  ð1Þ
where TSI is the Turbiscan stability index, TSImax is the
maximum TSI reachable at infinite times, K is the rate con-
stant, and t is time. The Levenberg-Marquardt algorithm was
used to perform least-squares function minimization, and the
goodness of fit was evaluated based on statistical parameters
of fitting (R2, p, and standard error) and the residual analysis.
Data were plotted using GraphPad Prism v. 5.03
(GraphPad Software, San Diego, CA, USA).
Results and Discussion
Characterization of Soluble and Insoluble Oat Fraction
Powders
We first characterized the soluble (SOF) and insoluble (IOF)
fractions extracted from oat. These fractions are heterogenous
materials composed mainly of hemicelluloses such as β-
glucan and arabinoxylan and proteins (Table 1). IOF was the
most heterogeneous material with a ratio among β-glucan,
arabinoxylan, and proteins of around 1:1:1, and with the pres-
ence of fat and ashes. The powder appeared brownish with a
moisture content of 2.4%, containing 4.0 mgGAE/g of phenolic
compounds and 3.0% (dry matter basis) of phytic acid. On the
other hand, SOF was more homogeneous showing a high
share of β-glucan and a ratio among β-glucan, arabinoxylan,
and proteins of 16:1:2.3. Thematerial was a white fine powder
with a moisture content of 6.0%, containing 1.1 mgGAE/g of
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phenolic compounds and 1.2% of phytic acid. IOF contains a
higher amount of polyphenols and phytic acid compared to
SOF. Oat bran is known to be higher in phenolic compounds
than other oat fractions or products. The most abundant phe-
nolic compound is ferulic acid (Soycan et al. 2019), which is
commonly associated with arabinoxylan. IOF contained a
higher content of arabinoxylan, which contributed to the
higher polyphenolic compounds. In cereals, phytic acid is
mainly located in the bran (protein globois), and it is insoluble
in water at neutral or alkaline pH (Schlemmer et al. 2009),
which explained the high amount of phytic acid in IOF.
However, 1.2% of phytic acid was still found in SOF which
was co-extracted and co-precipitated with beta-glucan when
using organic solvent such as ethanol (Wang et al. 2020).
To gather more information on the functional groups pres-
ent in SOF and IOF, we performed Fourier transform-infrared
(FT-IR) spectroscopy (Fig. 1). The spectrum of both samples
displayed similar peaks. Intense absorption bands were found
for both samples at 1038–1066 cm-1. These bands coupled to
those at 1156 and 895 cm-1 can be attributed to the abundant
β-glucans and arabinoxylans in both samples (Ahmad et al.
2010; Morales-Ortega et al. 2013; Synytsya and Novak 2014).
Absorption bands at 1648–1642 cm-1 could be due to func-
tional groups of proteins, such as C-N and N-H (Ahmad et al.
2010). We also found characteristic bands at 1380–1378 cm-1
and 1530 cm-1, which can be related to the presence of phe-
nols (O-H bending in phenolic molecules) and polyphenols
(aromatic skeleton vibration), respectively (Faix 1991), re-
vealing the presence of phenolic compounds in accordance
with phenolic content data. The band at 1735 cm-1 was present
only in the IOF sample, which can be attributed to the
stretching of carboxylic ester groups (Song and Hubbe
2014), most probably due to the presence of triacylglycerols
in the IOF sample (Table 1).
Behavior and Physical Stability of Oat Fractions in
Different Media and Under Different Treatments
Powders were then dispersed in water or buffer, and the effect
of processing conditions such as thermal treatment, high-
speed homogenization (Ultra Turrax, UT), and high-pressure
homogenization (microfluidizer, MF) was studied on water
solubility, water holding capacity, and protein solubility.
First, we determined the water solubility of both SOF and
IOF at room temperature for 2h, which was less than 10% and
used as a reference. A substantial improvement was achieved
by heating the systems. SOF dissolved well (solubility > 90%)
after heating at 80 °C for 2 h. With the same heating proce-
dure, the solubility of IOF increased to 25%. We then tested
shear forces on the solubility of IOF and SOF. After high-
speed homogenization at room temperature, the solubility of
IOF did not significantly increase compared tomixing at room
temperature. However, high-pressure homogenization consid-
erably increased the solubility of IOF, which was similar to
the values obtained with the heat treatment (Fig. 2a).
Regarding the water holding capacity of IOF, heat treatment
and high-pressure homogenization were able to increase it
from 8 to 10 and 12 gH2O/gIOF, respectively. Fibers with high
water-holding capacity are known to promote gut health
(Yamazaki et al. 2005). On the other hand, high-speed ho-
mogenization reduced the water holding capacity of IOF to
6 gH2O/gIOF. The protein solubility had a different trend com-
pared to water solubility—heat treatment and high-speed ho-
mogenization did not increase it (Fig. 2b). Heat is known to
denature proteins and cause a reduction in their solubility.
Only high-pressure homogenization considerably increased
the protein solubility by more than 4 fold. The pH of the
dispersion also was critical in protein solubilization during
high-pressure homogenization. Indeed, protein solubility
was higher at pH 7 than at pH 4.5 (Fig. 2b).
It is known that the solubility, swelling capacity, and water
holding capacity of insoluble fibers can be considerably im-
proved using high shear forces, like those generated with a
microfluidizer (Hu et al. 2015; Mert et al. 2014; Wang et al.
2012, 2013). In our case, the increase in total water solubility,
water holding capacity, and the protein solubility of IOF can
be due to a combination of particle size reduction and increase
in surface area. The formation of micropores in the particles
due to the rapid change in pressure during high-pressure ho-
mogenization has been reported (Wang et al. 2013). In addi-
tion, high-pressure homogenization could break the cell wall
of brans which improved the extractability of proteins as well
as polysaccharides (Dong et al. 2011; Partanen et al. 2016).
Differently, Sankaran et al. (2015) have reported an increase
in particle size when combining enzymatic hydrolysis and
microfluidization of carrot cell wall suspension, which was
due to expansion of the particles after both treatments.
Fig. 1 FT-IR transmission spectra for insoluble (IOF, brown) and soluble
(SOF, grey) oat fractions. Inset shows the macroscopic appearance of the
two fractions (left: IOF, right: SOF)
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We then studied the viscosity and physical stability of IOF
and SOF dispersions (Table 2). The physical stability of the
dispersions was followed using the Turbiscan stability index
(TSI), which is a dimensionless parameter based on the chang-
es of backscattered light over the sample prior to measure-
ment. It is a convenient calibration-free method for studying
sedimentation and aggregation phenomena as described by
Bhattarai et al. (2020).
In general, 1% IOF dispersions underwent gravitational
sedimentation for both thermal treatment at 80 °C for 2 h
and high-speed homogenization (UT) due to its low viscosity
(Table 2). Only by using high-pressure homogenization (MF),
IOF dispersion showed a substantial increase in viscosity from
5 mPa∙s to 46 mPa∙s, which led to a more stable system. High
disruptive shear forces are needed to increase IOF water sol-
ubility, protein solubility, and to reduce the size of insoluble
particles. Soluble material contributed to the increase of vis-
cosity by intermolecular entanglement, while insoluble mate-
rials could increase the volume fraction or crowding by swell-
ing, which provide high resistance to flow (Hu et al. 2015;
Wang et al. 2012, 2013). Leite et al. (2016) have shown a
slight viscosity reduction after high-pressure homogenization
for orange juice which was attributed to the degradation of
pectin. Indeed, the impact of high-pressure homogenization
Fig. 2 (a) Water holding capacity (WHC, blue) and water solubility
(orange) of insoluble oat fraction (IOF) after different treatments. (b)
Protein solubility of insoluble oat fraction (IOF) after treatments. RT
means room temperature; 80 °C means heated at 80 °C for 2h; UT means
Ultra-Turrax, i .e. , high-speed homogenization; MF means
microfluidization, i.e., high-pressure homogenization. UT and MF were
carried out at room temperature. Samples in MF at pH 4.5 and 7.0 were
prepared by dispersing IOF in sodium citrate-phosphate buffer prior to
MF treatment
Table 2 Viscosity and TSI of IOF
and SOF dispersions (at shear rate
10 s-1) after thermal and/or me-
chanical treatments. UT is Ultra-
Turrax; MF is microfluidization.
Results represent mean ± standard
deviation. TSI means Turbiscan
stability index
Sample Concentration (%) Treatment Viscosity @ 10 s-1 (mPa·s) TSI
7 days 14 days
IOF 1% 80 °C, 2h 5.0 ± 0.4a (supernatant) 32.9 37.0
UT 5.3 ± 0.2a (supernatant) 16.8 24.8
MF 45.7 ± 2.2d 0.1 0.1
UT+MF 38.5 ± 3.1cd 0.1 0.2
MF+MF 33.6 ± 0.8c 0.2 0.2
MF+80 °C 14.5 ± 2.7b 29.7 51.4
MF (buffer pH 4.5) 46.0 ± 3.3d 0.1 0.2
MF (buffer pH 7.0) 43.4 ± 1.0cd 0.2 0.2
0.2% MF 5.0 ± 0.2a 21.2 30.8
+0.5% SOF 80.4 ± 0.6e 1.5 3.2
+0.8% SOF 689.2 ± 1.8g 0.3 0.7
SOF 0.5% 80 °C, 2h 76.2 ± 2.1e n.d. n.d.
1% 80 °C, 2h 843.0 ± 19.4g n.d. n.d.
80 °C, 2h + UT 164.2 ± 8.3f n.d. n.d.
80 °C, 2h, UT+MF 12.7 ± 1.7b n.d. n.d.
a, b, c, d, e, f, g : means with different letters in the same column are significantly different (p < 0.05). Note: n.d.
means not determined. TSI for SOF was not measured since all SOF solutions were stable
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on viscosity is dependent on the ratio of soluble and insoluble
fiber, concentration, and extensity of the treatment. Extra
treatments (UT+MF,MF+MF, andMF+80 °C) led to a reduc-
tion in viscosity. Only in the case of MF coupled with thermal
treatment, however, did the viscosity reduce drastically lead-
ing to an unstable system. The application of high-pressure
homogenization on diluted IOF dispersions did not allow a
stable system. The stability was improved by adding viscous
SOF solution to IOF suspension after homogenization.
On the other hand, SOF was highly soluble in water after
thermal treatment at 80 °C for 2 h and formed stable solutions.
1% SOF solution had a viscosity highly dependent on the
treatment applied. High shear forces led to a significant reduc-
tion of the viscosity (Table 2). This is likely due to the molec-
ular degradation of the β-glucan polymeric chains as
discussed by Kivelä et al. (2010).
Selected samples (IOF) were then further characterized to
understand their sedimentation kinetics. We selected thermal
treatment, UT, and combination of UT with MF (UT+MF).
The first method is commonly employed for solubilization of
β-glucan (Mäkelä et al. 2017), while UT and UT+MF were
selected to understand possible changes induced to IOF. UT
and MF are among the most commonly used methods for
emulsion preparation, thus, were employed here to prepare
IOF-stabilized emulsions (McClements 2016).
Figure 3a shows the evolution over time of the Turbiscan
stability index (TSI) for 1% IOF in water after different pro-
cessing conditions and macroscopic images of relevant sus-
pensions after two weeks of storage at room temperature. We
used IOF suspended in water without any treatment as a ref-
erence. As shown in Fig. 3 and in accordance with Table 2, the
stability of the suspensions proceeded with increasing inten-
sity of the treatment in the order: untreated (RT) < UT < UT+
MF. The extent of the mechanical treatment was quantified by
fitting the data with a one-phase exponential association mod-
el (Eq. 1, Data Analysis paragraph). Solid lines show the
fitting with a 95% confidence interval represented by dashed
lines. The inset in the figure shows the results of the fitting. UT
treatment reduced 6-fold the rate of sedimentation of IOF sus-
pension during storage compared to untreated sample (RT),
however, over the long period, the sedimented layer of the
two samples was similar (TSImax and Fig. 3b). On the other
hand, microfluidization was able to further reduce the rate of
sedimentation leading to a homogeneous system that was sta-
ble for more than a month (low TSImax and Fig. 3b). This can
be due to the increased viscosity of the microfluidized IOF
suspension compared to the UT-treated one (Table 2). The
disruptivemechanical forces during homogenization increased
the fraction of the solubilized material (Fig. 2a) and increased
the water-holding capacity (Fig. 2a) by either decreasing the
particle size or increasing the exposure of a more hydrophilic
site to water (Wang et al. 2012, 2013). Therefore, regarding
using IOF to form emulsions, the combination of UT+MF
seems the most promising method to obtain a homogeneous
dispersion which can possibly lead to stable emulsions.
We then determined ζ-potential and surface-tension reduc-
tion (difference between surface tension of solvent and surface
tension of solvent with oat fraction) with the aim to determine
the possible emulsifying abilities of IOF and SOF.
In general, the ζ-potential of both IOF and SOF was neg-
ative, independent of the dispersion method used. SOF had a
ζ-potential of around -1.0 mV after solubilization at 80 °C for
2 h in water or buffer. The independence of ζ-potential value
from the buffer confirms that this fraction had a low number of
charged molecules in the solution. On the other hand, IOF ζ-
potential was highly dependent on the treatment and pH value
of the buffer (Fig. 4). Thermal treatment and homogenization
increased the absolute value of ζ-potential while the buffer at
Fig. 3 (a) Turbiscan stability index (TSI) as a function of time during
storage at room temperature of suspensions containing 1% insoluble oat
fraction (IOF) after mixing with water at room temperature (RT), treat-
ment with high-speed homogenizer (Ultra-Turrax, UT), and a
combination of high-speed homogenization and high-pressure homoge-
nization (Ultra-Turrax + Microfluidizer, UT+MF). (b) Macroscopic ap-
pearance of the samples described in (a) after two weeks of storage at
room temperature
758 Food Bioprocess Technol (2021) 14:751–764
different pH values reduced it drastically. The presence of ions
in the buffer could have electrostatically shielded the charges
present in IOF (cf. MF with MF pH 4.5 and MF pH 7.0, Fig.
4). The differences in ζ-potential with the two pH values test-
ed can be attributed to the ionization of proteins which at low
pH can be closer to their isoelectric point and thus have less
charged groups on the molecules. However, even if IOF ζ-
potential was affected by treatment and medium, with its ab-
solute value below 30 mV, IOF does not guarantee electro-
static stabilization of oil droplet in emulsions (Mikkonen et al.
2016b).
The reduction of surface tension of SOF in water after
thermal treatment was 4.2 ± 0.5 mN/m compared to distilled
water. The low amount and solubility of protein (Table 1),
coupled with the impurities of this fraction (low amount of
phenols and phytic acid and high concentration of hemicellu-
loses), did not allow a substantial reduction of the surface
tension, which in turn can have a negative impact on emulsion
formation and stabilization. Conversely, IOF showed a sur-
face tension reduction between 12 and 23 mN/m, which was
dependent on the treatment and pH value of the buffer (Fig. 4).
Already by mixing IOF with water at room temperature a
certain reduction of the surface tension in the resulting super-
natant was observed, probably because soluble amphiphilic
molecules, such as proteins and saponins present in oat bran,
were able to dissolve (Laine et al. 2011; Ralla et al. 2018). The
surface tension reduction observed in IOF was lower than that
of oat-bran extract rich in saponins (Ralla et al. 2018), but it is
similar to that of hemicelluloses extracted from softwood rich
in galactoglucomannans and residual lignin (Valoppi et al.
2019a). Thermal treatment and high-pressure homogenization
in water and buffer gave the highest surface tension reduction
values. Interestingly, the supernatant of IOF after high-
pressure homogenization (MF-s, Fig. 4) showed lower values
compared to the IOF suspension after the same treatment (MF,
Fig. 4). Therefore, the particles suspended in the sample had a
certain surface activity, meaning they could have bound to the
surface molecules, such as phenolic compounds, similarly to
the case we reported previously on hemicelluloses extracted
from softwood (Lahtinen et al. 2019; Valoppi et al. 2019a).
The maximum reduction of the surface tension was achieved
by dispersing IOF in the buffer at pH 7 before MF treatment.
Free fatty acids and proteins can most probably be ionized at
this pH value, increasing the overall interfacial activity of IOF.
We also found that surface-tension–reduction results showed
a positive significant correlation with protein solubility results
(r = 0.90, p < 0.05), indicating that proteins in the aqueous
phase mostly contribute to surface tension reduction.
Emulsions
To evaluate the ability of IOF and SOF suspensions as emul-
sifiers, we prepared emulsions with oil content between 0.5
and 5% (w/w). The suspensions were obtained bymixing 0.2–
1% (w/w) IOF and SOF with water or buffer followed by
magnetic stirring at 80 °C for 2 h; an additional IOF-
containing aqueous phase was obtained using high-pressure
homogenization (microfluidizer).
In general, both suspensions were able to form emulsions
with no visible oil floating on top of the container soon after
homogenization. This was expected for IOF due to its ability
in reducing the surface tension and its composition (Table 1),
though, surprisingly also SOF was able to form emulsions.
During storage, however, flocculation occurred in emulsions
to a different extent. Figure 5 shows the emulsions after two
weeks of storage at room temperature obtained using IOF and
SOF suspensions, as well as selected micrographs.
All emulsions obtained with SOF had a fast flocculation
regardless of oil and SOF concentration or processing condi-
tions. White aggregates floated on top of the container after
homogenization and during storage as shown in Fig. 5a. The
aggregates were composed of oil droplets surrounded by a
bright area as revealed by fluorescence microscopy after
Calcofluor staining (Fig. 5b). Due to the composition of
SOF (Table 1), bright areas can be β-glucan molecules that
accumulated at the oil/water interface. Even though SOF
showed a low ability to reduce surface tension, during emul-
sion formation, proteins (around 11%, Table 1) and β-glucan
(77.5%, Table 1) were able to stabilize the interface. It is
known that β-glucan can form hydrophobic cavities in
triple-helix conformation that can trap guest molecules
(Sletmoen and Stokke 2008), similar to cyclodextrins
(Astray et al. 2009) and amylose (Putseys et al. 2010).
Therefore, triacylglycerol molecules could be trapped in β-
glucan helices, anchoring β-glucan at the oil/water interface
Fig. 4 Reduction of surface tension and ζ-potential of insoluble oat frac-
tion (IOF) suspensions after different treatments. RT means room tem-
perature; 80 °Cmeans heated at 80 °C for 2h; UTmeans Ultra-Turrax that
is high-speed homogenization; MF means microfluidization that is high-
pressure homogenization. UT and MF were carried out at room temper-
ature. Samples in MF at pH 4.5 and 7.0 were prepared by dispersing IOF
in sodium citrate-phosphate buffer prior to MF treatment. The letter “s”
means supernatant after mild centrifugation
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as observed in fluorescence microscopy. It is also known that
β-glucan has a natural tendency to aggregate over time (Li
et al. 2011), which in our case seems to be boosted by the
presence of oil-forming macroscopic-aggregates after homog-
enization. However, further studies are needed to elucidate the
mechanism behind the interfacial activity of β-glucan and its
hydrophobically driven aggregation.
Regarding IOF, the emulsions obtained with this frac-
tion had a storage stability that was dependent on IOF and
oil concentrations and processing conditions. At low con-
centrations of IOF and oil (Fig. 5c), the emulsion
underwent phase separation. A creamed layer on top is
separated from a clear serum layer on the bottom. By keep-
ing the surfactant-to-oil-ratio (SOR) constant to 0.4 and
increasing both IOF and oil, the serum layer decreased,
eventually disappearing as shown in Fig. 5e. The
reduction of the serum layer with increasing concentration
of oil and IOF was probably due to the increasing amount
of soluble proteins and volume fraction of fibers added to
the emulsion coupled with the homogenization process.
Zhu et al. (2017) have shown that high-pressure treatment
significantly improved solubility, emulsifying, and
foaming capacity of rice bran proteins. Insoluble fibers,
after homogenization, can considerably improve their
swelling capacity and hold more water and oil compared
to their native form (Wang et al. 2012, 2013). The stable
emulsion was composed of particles with oil droplets at-
tached on their surface (Fig. 5f, g). In this case, oil droplets
were also surrounded by bright areas which can be accu-
mulations of β-glucan and arabinoxylan (21% and 25% of
IOF, respectively, Table 1). Fluorescence in particles could
also be due to insoluble β-glucan and arabinoxylan in the
material. The emulsions formed with IOF were much more
stable than those obtained with SOF. To gain more insight
on the mechanism behind emulsion formation and stabili-
zation using IOF, we prepared emulsions using the super-
natant after centrifuging the MF-treated IOF, and the
resulting emulsion was unstable (data not shown). This
clearly indicates the fundamental role of the insoluble par-
ticles on emulsion formation and stabilization. Therefore,
oil droplets after formation were anchored on the surface of
the insoluble particles (Fig. 5g) leading to stable emulsions.
Another interesting point is that we were only able to obtain
stable emulsions with stable suspensions. Therefore, we
hypothesized that there might be two mechanisms involved
in emulsion stabilization with IOF. The first regards oil
droplet formation, while the second is the anchoring of
the oil droplets to the surface of insoluble particles. The
Fig. 5 Emulsions prepared with oat soluble fraction (SOF) and different
concentrations of oat insoluble fraction (IOF) and oil and selected micro-
graphs. Pictures taken after 2 weeks of storage at room temperature.
Emulsions were prepared by homogenization with Ultra-Turrax followed
by microfluidizer. (a) 1% SOF and 2.5% oil with (b) fluorescent micros-
copy image of the top creamed layer after Calcofluor staining, (c) 0.2%
IOF and 0.5% oil, (d) 0.5% IOF and 1.25% oil, (e) 1% IOF and 2.5% oil
with (f) relevant fluorescent microscopy image after Calcofluor staining
and (g) magnification of the highlighted area in (f) with arrows showing
some oil droplets, (h) 1% IOF and 5% oil, (i) 1% IOF undergone to
microfluidization before emulsion preparation (MF-IOF) and 2.5% oil,
and (j) 0.5% IOF + 2.5% oil added with 0.5% SOF after emulsion prep-
aration. Scale bars are 20 μm in (b) and (f) and 10 μm in (g)
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oil surface can be stabilized due to (i) the higher protein
content in IOF (almost 22%, Table 1) and increase in pro-
tein solubility after homogenization (Fig. 2b), (ii) the pres-
ence of saponins which are small molecular-weight natu-
rally occurring surfactants (Ralla et al. 2018), (iii) the pres-
ence of β-glucan which could have helped droplet interface
s t ab i l i za t ion as prev ious ly d i scussed , and ( iv )
arabinoxylan, which being insoluble can stabilize the inter-
face via Pickering stabilization as shown for emulsions sta-
bilized with beech and birch xylans (Mikkonen 2020) and/
o r due to the pheno l i c compounds a t t ached to
arabinoxylans, the latter can be anchored at the interface
similar to galactoglucomannans extracted from softwood
(Lehtonen et al. 2018). After oil droplet formation, the
droplets were anchored and retained on the particle surface.
This can be due to the exposure of sites with, e.g., bound
proteins on the particle surface able to anchor the droplets.
Oil droplets are adsorbed on the surface of the particles, the
latter being orders of magnitude bigger than oil droplets;
therefore, to obtain stable emulsions it is necessary to first
obtain stable suspensions. There might be an equilibrium
between the oil droplets with the tendency for creaming and
the insoluble particles with the tendency for sedimenting.
This unique mechanism gives IOF stabilized emulsions a
high storage stability. However, we observed that reducing
the SOR (by increasing oil content) or homogenizing IOF
suspension before emulsion preparation led again to the
formation of unstable emulsions (Fig. 5h, i). The inability
to retain water by the emulsion can be due to the limited
amount of soluble proteins and the saturation of the avail-
able particle surfaces for the increased amount of oil. An
excessive homogenization process can degrade the particle
size and volume fraction, as well as the polymeric chains as
shown for β-glucan (Kivelä et al. 2010). The addition of
0.5% SOF to the unstable IOF-containing emulsions led
again to stable emulsions over time (Fig. 5j), which is most
probably because SOF was able to hold extra water and
increase the viscosity of the emulsion, kinetically stabiliz-
ing the system (McClements 2016), However, if the SOR
was low, the addition of SOF could not substantially im-
prove the emulsion’s storage stability. We demonstrated
that SOF is not suitable to undergo mechanical treatments
that can degrade β-glucan molecules, and it forms aggre-
gates with oil, but it is effective in stabilizing an emulsion
after homogenization. Finally, the stability of the IOF
emulsion was affected by pH. Indeed, emulsion stabilized
with IOF (1% IOF and 2.5% oil) at pH 4.5 was not as stable
as the emulsions at pH 7 (data not shown), which correlates
to the trend of protein solubility and surface tension.
To better understand the effect of processing conditions
and pH on emulsions formed with IOF, we analyzed the par-
ticle size distribution of selected aqueous phases and the cor-
responding emulsions (Table 3).
In general, all homogenized IOF suspensions had 90% of
the particles smaller than 100 μm. Double homogenization or
change in pH led to a further reduction of the particle dimen-
sions as shown by D[3,2], D[4,3], and distribution percentiles.
However, the reduction led to a broader distribution as shown
by the increase of SPAN. The emulsions obtained with corre-
sponding IOF suspensions had bigger particle dimeters (e.g.,
cf. IOF+MF suspension with IOF emulsion or IOF+MF+MF
suspension with IOF+MF emulsion). It has to be remembered
that both oil droplets and IOF particles are simultaneously
detected during size measurement. Therefore, the increase in
particle diameter in emulsions can be due to the oil attached to
the surface of the particles or possible aggregation induced by
oil. Moreover, the energy delivered to the system during ho-
mogenization is constant. This mechanical energy is used for
both particle size reduction and formation of small oil drop-
lets. Thus, the presence of oil reduces the energy delivered to
the particles compared to neat suspensions, possibly contrib-
uting to the observed size increase.
It can be concluded, however, that an excessive increase in
particle diameter after emulsion formation is responsible for
the formation of the serum layer during storage. Bigger parti-
cles tend to flocculate and cream faster, as described by the
Stokes’ law (McClements 2016).
We demonstrated that side streams from oat production
can be used as novel bio-based emulsifiers and stabilizers
without any further chemical derivatization or fraction-
ation. In most cases, the extraction of the surface-active
fraction from side streams is performed before emulsion
preparation (Laine et al. 2011; Ralla et al. 2017, 2018).
Extracts can be further fractionated or purified using
chemical (antisolvent precipitation) and physical
(centrifugation) methods to increase the performance of
emulsifiers extracted from side streams (Bhattarai et al.
2019; Valoppi et al. 2019a). However, even if in most
of the cases extraction is carried out using water and
food-grade solvents, an abundant part of the starting ma-
terial is discharged. This makes sense in materials that are
inedible by themselves, but that contain edible molecules,
such as wood (Mikkonen 2020). In the case of fully edible
materials, like in the case of bran, the extraction of emul-
sifiers can further generate waste material. Our approach
was to avoid any extraction/manipulation of oat side
streams and use them to obtain stable suspensions and
emulsions. This has the advantage to increase the value
of the side stream which enters back into the food pro-
duction chain, in perfect respect of the circular economy
model. The complex mixture of the insoluble oat fraction
can form stable emulsions that can be used as ingredients
to produce functional foods or can be directly consumed
as functional foods, such as oat-based beverages after ap-
propriate formulation modification (Valoppi et al. 2019b).
In addition, the soluble fraction from oat production side
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streams can be used as a thickening agent to improve
emulsion stability where the amount of insoluble fraction
is not enough to guarantee a prolonged physical stability
of the system.
Conclusions
Stable suspension and emulsion could be formed by insoluble
oat fractions (IOF) after high-pressure homogenization. This
is due to the increase in protein solubility and reduction in
surface tension and particle size. The phase stability is depen-
dent on the IOF concentration, the ratio of IOF to oil, and the
intensity of the homogenization. The emulsion formed by IOF
was different than traditional emulsions where the oil droplets
are formed and suspended in continuous phase. With IOF
emulsion, the oil droplets were anchored on the surface of
the suspended particles. Therefore, emulsion stability was
largely dependent on the stability of the suspension. The sol-
uble oat fraction (SOF) formed a viscous solution after heat
treatment; however, it degraded by high-pressure homogeni-
zation and formed aggregates with lipids in emulsion.
Therefore, the best use of SOF was to increase the viscosity
and improve the stability of IOF suspension or emulsion after
homogenization. Both materials were nutritious with soluble
and insoluble fibers, proteins, and phytochemicals, and we
proved they have well-performed technical functionality with
no further fractionation and/or chemical derivatization.
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